Chemical air scrubbers reduce the concentration of water-soluble components such as ammonia from the outgoing ventilation air through absorption in water, followed by chemical conversions and removal of the end products. A mechanistic model for a countercurrent air scrubber was set up. Mass balances for ammonia, hydrogen sulfide, nitrous oxide, and methane were implemented, as well as the water mass balance and heat balances. The model was validated against experimental data from a conventional fattening pig housing facility. The effect of influent characteristics, design parameters, and control handles on the removal efficiency, the temperature profile, and the water evaporation rate were investigated through simulation. The model was able to describe the behavior of a countercurrent chemical air scrubber.
Introduction
Chemical air scrubbers are widely applied for air pollution control. They are used to efficiently remove pollutants from the gas stream through absorption, typically in water, followed by chemical conversions and removal of the end products. The working principle of this type of air scrubbers has already been extensively discussed in the literature by other authors [1] [2] [3] . Applications comprise exhaust streams containing SO 2 and NO from combustion plants [4, 5] , chlorine gas streams [6] , or streams from agricultural applications containing mainly ammonia [7] [8] [9] [10] . Optimal reactive absorption can be achieved by correct process design, which is mainly dependent on proper packing selection and thorough understanding of the process behavior. For the latter purpose, the application of reliable and adequate process models is widespread [11] . Useful models can be found in the literature for many chemical air scrubber applications, such as the desulfurization process [12] [13] [14] , the absorption of odorous compounds [15, 16] , and the absorption of ammonia in water using different scrubbing systems [17] [18] [19] [20] [21] [22] . However, none of these models consider the pollutant removal efficiency simultaneously with temperature and water evaporation, which is essential to assess the interaction between the scrubber performance, the temperature dynamics, and the water consumption.
The objective of this work was to set up a mechanistic model capable of predicting the pollutant removal efficiency, air temperature, and relative humidity distribution over the packed bed. The mass transfer of chemical species was taken into account, as well as heat transfer considering both sensible and latent heat exchange. Additionally, various correlations to calculate the mass transfer coefficient, which is the most important parameter in absorption models, were investigated in more detail.
The model was validated using the experimental data of a chemical countercurrent air scrubber installed at a conventional fattening pig housing facility, for ammonia removal, air temperature, and relative humidity distribution. A case study was defined, considering a chemical air scrubber at a conventional fattening pig housing facility with 1000 animal places. In the first place, typically prevailing parameters and variables of the case study were used to simulate the (steady-state) reference case. Subsequently, the effects of the typical variations in ventilation rate, incoming pollutant concentrations (loads), air temperature, and relative humidity on the removal efficiency, the temperature profile over the packing, and the evaporation rate were studied. The effects of important design parameters of air scrubbers such as the packing characteristics and the packing dimensions, as well as of important operational variables in air scrubbers, such as the pH of the washing water and the liquid flow rate, were assessed as well.
Model Description

Model Setup
The mechanistic model ( Fig. 1 ) was developed for a countercurrent chemical air scrubber and was implemented in Matlab-Simulink . The packing material was represented by a sufficiently high number of horizontal cells consisting of an air phase and a liquid phase, separated by a stagnant boundary layer at the interface (two-film theory) and both of which were represented by ideally mixed continuous stirred-tank reactors (CSTR) placed in series. In each horizontal layer, a homogeneous distribution of the incoming ventilation air and spraying water is assumed, meaning that neither concentration nor temperature gradients were considered along the horizontal axis. This results in a one-dimensional model, reducing complexity and calculation time. The liquid buffer tank was modeled as a separate ideally mixed reactor cell. The liquid phase of the top cell is fed by the incoming washing liquid from the buffer tank, distributed in practice by the spray nozzles. The gas phase of the top cell contains the outgoing clean air, flowing out from the air scrubber. It was assumed that no mass transfer between the gas and liquid phases took place in this cell. The bottom cell contains the incoming exhaust air and the washing liquid in the buffer tank, which is the only CSTR that has a larger liquid volume than the other cells. Also for this cell, it was assumed that there was no mass transfer between the gas and liquid phases, because the prevailing specific exchange surface area is much smaller than in the packing material itself.
Mass Transfer
Mass transport was modeled by advection (plug flow) in the gas and liquid bulk phases. The resistance to transfer of the pollutants between the bulk gas and the bulk liquid was considered to be entirely located in the boundary layer; beyond the boundary layer, the turbulence is sufficient to eliminate concentration gradients [23] . Despite the simplification [24] , plug flow was assumed for both concentrations and temperature, which could be justified in air scrubbers due to the high Peclet numbers (Pe = h p urc p /l > 10) 1) and the high air velocities typically prevailing in these systems [25] . Dispersion or channeling phenomena were not considered in the model [26] .
Equilibrium between the gas and the liquid phase was assumed at the interface, making Henry's law applicable. It was assumed that no reactions took place in the gas phase. Adsorption of pollutants to the inert packing material was neglected. Ionic strength could have an effect on the ammonia removal as the acidity constant and the Henry coefficient depend on this parameter [27] . However, it was not implemented in the model in order to reduce complexity [28] . Liu et al. [29] investigated the influence of ionic strength on the removal of odorous components and found that it was negligible.
The individual gas and liquid phase mass balances for a pollutant (index is omitted for simplicity) in cell i were implemented as
respectively, expressing that the accumulation or depletion of a pollutant in the gas phase in cell i is due to the influx from the underlying cell with concentration C iþ1 G and the outflow to the overlying cell with concentration C i G , as well as transfer of this pollutant from the gas phase to the liquid phase or vice versa. K L is the total mass transfer coefficient, considering the resistances at the liquid and gas interface. The larger K L and the specific surface area a, the more pollutant is removed from the gas phase. The Henry coefficient H, valid for dilute systems, expresses the ratio of the gas concentration to the liquid concentration at the interphase surface area, considered to be at equilibrium. In the liquid phase, the total lumped concentration of a pollutant was divided into both considered species, e.g., ammonia and ammonium, based on the acidity constant K a and the pH of the washing water. A constant pH was assumed throughout the reactor. The temperature dependencies of the Henry coefficient and the acidity constant are expressed in Tab. S1 in the Supporting Information.
Heat Transfer
The temperature distribution in the air scrubber was determined by the heat exchange in each cell due to the sensible heat exchange and the latent heat exchange due to water evaporation, assuming a perfectly adiabatic reactor. It was assumed that the heat for evaporation was in the first place provided by the 
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liquid phase while the energy to heat up the newly formed water vapor was considered to be withdrawn from the gas phase. The heat of solution of the different pollutants was neglected as their transferred amount is relatively low. The individual gas and liquid phase energy balances in cell i thus read as
respectively. The first term in both equations denotes the advective transport of heat between the cells, the second term the sensible heat exchange, and the third term the latent heat exchange in the cell. h is the total heat transfer coefficient
), considering the resistances at the liquid and gas interface.
Water Balance and Evaporation Rate
The evaporation of water in a nonsaturated environment involves the coupling of mass and heat transfer. The water balance was expressed in terms of the water vapor density r v (kg m -3 ), of which the accumulation in the gas phase reads as:
with k G;H 2 O being the mass transfer coefficient at the gas side (m s -1 ) and r int the water vapor density at the interphase (kg m -3 ). The first term represents the advective transport of water vapor between the cells, the second one the transfer of water vapor between the gas and the liquid phase in the cell. The amount of water evaporated in each cell per time instant was negligible, allowing the assumption that the volume of the liquid phase was the same for all cells along the packing material (see the Supporting Information).
The water vapor density of the incoming air (r in v ) was calculated from the ideal gas law (Eq. (6)). Its vapor pressure (p in v , Eq. (7)) was calculated based on the incoming relative humidity (RH) and the saturated vapor pressure (p in sv ), which is dependent on the incoming air temperature (see the Supporting Information).
The flow rate of water evaporating was calculated based on the difference in water vapor density between the cell containing the outgoing air and the cell containing the ingoing air.
The total water consumption was not only dependent on the evaporation rate but also on the amount of discharged water (Q D ). Both need to be replaced to maintain a constant water volume in the buffer tank.
Mass and Heat Transfer Coefficient Calculation
The total mass transfer coefficient K L in Eqs. (1) and (2) is determined including both diffusion and convection, taking into account the resistance to mass transfer at the gas and the liquid boundary layers. This total mass transfer resistance is characterized by the mass transfer coefficients in the gas and liquid phases (k G and k L , respectively) and the Henry coefficient (H) according to the generally applied two-film theory [30] :
Both the gas and liquid phases can constitute significant mass transfer resistances [30] [31] [32] . The Henry coefficient has a large impact on whether the mass transfer for a given contaminant is limited by the gas side resistance, the liquid side resistance, or both [33] . The transfer of highly soluble compounds (low H) is generally limited by the gas side resistance, while highly volatile compounds (high H) are mostly limited by the liquid side resistance [34] . Typical values for a countercurrent packed scrubber with a specific surface area between 10 and 350 m [16] . To adequately describe both highly soluble compounds and highly volatile compounds in this model, both gas and liquid mass transfer were taken into account. Besides pollutants, the transfer of water between the gas and liquid phase was considered as well. The total convective mass transfer coefficient for water is completely determined by the mass transfer coefficient for the gas phase, as the one for the liquid phase is infinitely large (k L;H 2 O ). The mass transfer coefficients for the gas and liquid phases (F is L or G) are defined as the ratio between the diffusion coefficient (D) and the thickness of the film (y) (Eq. (10)).
As the thickness of the film is not known, empirical correlations are typically used to determine the mass transfer coefficient [32] . The accuracy of these correlations usually lies around 30 %, but larger errors are not uncommon [35] . The correlations are useful for the preliminary design of small pilot plants, but should always be checked experimentally before the actual construction of a full-scale plant. To understand the behavior of air scrubbers, the use of these correlations in the model is very convenient and can be accepted. Various correlations to calculate the gas and liquid mass transfer coefficient are available in the literature. The dimensionless form of the correlations for the mass transfer coefficient may disguise the very real qualitative similarities between them. They are typically dependent on the Reynolds number (Re) and the Schmidt number (Sc) [32] . Additionally, they are dependent on the shape and structure of the considered random or structured packing materials. The packing was further assumed to be completely wetted (no dry spots), for reasons of simplicity and generality of the model. In practice, the wetted specific surface area may be somewhat lower and can be calculated from correlations that highly depend on the specific packing characteristics [32] . Fig. 2 compares the values of mass and heat transfer coefficients obtained with three frequently used correlations for randomly or structured packed countercurrent columns (see Sect. S2), namely those of Onda et al. [36] , Shulman et al. [37] , and Billet and Schultes [38] for three different types of packing material. The heat transfer coefficient was calculated from the mass transfer coefficient, using the heat and mass transfer analogy of Chilton and Colburn [39] :
with Sh being the Sherwood number, Nu the Nusselt number, Sc the Schmidt number, and Pr the Prandtl number. The power coefficient m is set at 1/3 for most configurations. For all shown correlations, except for the one of Onda et al. [36] , the mass and heat transfer coefficients increase with increasing specific surface area. The heat transfer coefficient calculated with the correlation of Onda et al. [36] lies around 4000 W m
, which is one order of magnitude higher than with the other correlations. Since the correlation of Billet and Schultes [38] was found to be the most flexible correlation and valid for different packing materials, this one was incorporated in the model:
where d h is the hydraulic diameter of the packing material and h L is the liquid holdup of the packing, calculated according to [38] :
3 Case Study A chemical air scrubber was considered to treat the exhaust air from a conventional fattening pig housing facility with 1000 animal places (Tab. 1). The components considered in the gas phase were ammonia as the most important component in the exhaust air from piggery houses [40] , hydrogen sulfide as a model component that can be linked with odor removal [41] , nitrous oxide and methane for their greenhouse potential, and water for the evaporation rate and temperature predictions. 
Comparison of K L for ammonia and h values for the correlations of Onda et al. [36] , Shulman et al. [37] , and Billet and Schultes [38] for three different types of packing materials in terms of (a) specific surface area a (m An acid was added to the washing water to decrease the pH, which results in an increase in the driving force for ammonia absorption. The pH value of the washing water was assumed to be constant, at a value of 4 for the reference case. The liquid flow rate Q L was set to 10 m 3 h -1 m -2 cross-sectional area [3] . The recirculation rate was set to 100 % to reduce the water consumption. The washing water is recirculated until its ammonium concentration becomes too concentrated, which is in practice typically controlled on a time basis or through monitoring the electrical conductivity (EC) [3] . A maximum ammonium concentration of 30 g N L -1 is mostly reached in the washing water [3] and in the reference case it is assumed as set point. At discharge, one-third of the buffer tank was discharged and replaced with fresh water. Initially, the liquid phase contained no pollutants. a) All values without a reference are based on practical experience. The given minimum and maximum values indicate the range wherein the effects of the parameters on the removal efficiency and evaporation rate were tested (scenario analysis).
The typically prevailing parameters and variables of the case study were used to first simulate the (steady-state) reference case. Subsequently, a scenario analysis was performed, assessing the effect of the influent characteristics, important design aspects, and important operational aspects in air scrubbers.
Model Validation Based on Experimental Data
Experimental data were obtained during 35 h in June 2014 from a chemical air scrubber installed on a fattening pig housing facility for 1250 animals. NH 3 concentrations were measured using an Innova photoacoustic gas monitor 1314 connected to a CBISS multipoint sampler (LumaSense Technologies, Denmark). Samples were taken on average every 20 min sequentially at five sampling points: one point to measure the ingoing air and four points to measure the outgoing air of the scrubber to take into account a possible heterogeneous distribution of the removal over the packing. Each sampling consisted of at least six consecutive measurements with a 3-min time interval. Only the last stable measurement was taken into account to overcome a possible measuring delay of the gas monitor. A measurement was considered stable when the last two consecutively measured concentrations showed at most 5 % difference. The removal efficiency was calculated based on the average of the four outgoing sampling points and the subsequently measured incoming concentration. It should be noted that this implies a time difference between the measured incoming and outgoing concentrations of maximally 1 h and 24 min. The ventilation rate was monitored through pressure difference measurements over the ventilation fans using a P26 differential pressure transducer (Halstrup-Walcher, Germany). The correlation between the pressure drop and the ventilation rate data was estimated using the ventilation computer readings. The pH and EC of the washing water were determined by chemical analysis at the beginning of the measuring campaign (Tab. 2). Dimensions and operating parameters of the chemical air scrubber were received from the air scrubber supplier.
The model was first validated for ammonia removal, air temperature, and relative humidity distribution using the experimental data of a chemical countercurrent air scrubber. The measurements for the ingoing ammonia concentration, air temperature, relative humidity, and ventilation rate were used as input for the simulation. The initial conditions for the simulation were set to the steady-state conditions corresponding with the influent conditions at that time instant.
Results and Discussion
Model Validation
The measured ingoing ammonia concentration varied between 18.1 and 23.6 ppm, depending on the ventilation rate (Fig. 3) . For instance, at noon, when the animal activity is the highest and the indoor temperature increases, a higher ventilation rate is applied, resulting in a lower ammonia concentration entering the air scrubber. The ammonia concentration in the air scrubber decreased to an average outgoing ammonia concentration of 8.2 ± 1.2 ppm. The simulated outgoing ammonia concentration amounted to 7.4 ± 0.6 ppm and followed the experimental effluent ammonia concentration with, on average, 14 % difference, within one standard deviation of the measurements.
The temperature of the incoming exhaust gas remained almost constant at 24.8 ± 0.4°C and decreased by approximately 5°C throughout the scrubber to an exhaust temperature of 20.1 ± 2.5°C. Such a temperature drop is typical of this type of systems [43, 44] . The simulated outgoing temperature was also 5°C lower than the influent temperature and followed the measured outgoing air temperature profile well. The outgoing temperature is higher at a higher ventilation rate because more thermal mass enters the air scrubber. The maximum underand overestimation were 9.2 and 16.7 %, respectively, with an average difference of only 2.0 %.
The measured relative humidity changed from an incoming value of 54.2 ± 3.4 % to an outgoing value of 87.1 ± 9.0 %. This latter value shows a large variation between 64.1 and 95.5 %. The simulation results of the relative humidity showed a rather constant value of 87.1 ± 1.2 %. In comparison, the simulated and modeled outgoing relative humidity had a 5 % average difference. The larger variation in the relative humidity measurements than in the simulated results can be attributed to the weather conditions, influencing the sensor that was placed outside the air scrubber. Overall, the model was well able to predict the outgoing ammonia concentration, temperature, and relative humidity.
Reference Case
The steady-state profiles over the air scrubber for the reference case are displayed in Fig. 4 . The gas phase ammonia concentration decreased from 0.008 g N m -3 (14 ppm) at the scrubber inlet to 0.0013 g N m -3 (2.1 ppm) at the scrubber outlet, corresponding to a removal efficiency of 84 %. The odorous component H 2 S and the greenhouse gases N 2 O and CH 4 were hardly removed in the air scrubber (results not shown). This holds true for all components with a low solubility in water (high Henry coefficient). The relative humidity of the exhaust air gradually increased while flowing through the air scrubber from 65 to 90 %, due to evaporation of the washing water. The assumption of a constant liquid cell volume in the packing regardless of the evaporation of water was justified as the calculated maximum evaporation under extreme conditions (35°C and a relative humidity of 45 %) only led to a decrease of the water volume in the packing of 0.26 % (see Sect. S3). Through contact with the colder washing water, the gas temperature decreased from 22.4 to 18.0°C, close to the wet bulb temperature of 17.9°C. The liquid temperature slightly increased with the liquid flowing down through the air scrubber (Fig. 4 c) . This small increase was cancelled due to evaporation in the lower part of the scrubber, and the liquid equilibrium temperature of 17.1°C was reached again.
Despite an increasing ammonia concentration in the buffer tank (by 760 g N m -3 d -1 , results not shown), the gaseous ammonia profile inside the air scrubber and thus the removal efficiency remained constant as the driving force was still high enough. To keep the ammonia concentration in the washing water below 30 g N L -1 , the first discharge will take place after 40 d. If one-third of the water is discharged and replaced by fresh water, this means that every 13 d the threshold will be reached again. Under the constant conditions assumed in this case study, the yearly water loss due to evaporation amounted to 628 m 3 , which is comparable to values found in full-scale countercurrent chemical air scrubbers [45, 46] .
Influence of Influent Characteristics
The ventilation rate shows diurnal as well as seasonal variations at animal housing facilities. Typically, high concentrations will occur during winter and at night when the ventilation rate is low, and low concentrations will prevail in summer and during noon when the ventilation rate is at its maximum to remove excess heat [7, 47] . Figs. 5 a and d show the simulation result of a varying ventilation rate on the ammonia concentration in the air scrubber and on the ammonia removal efficiency, respectively. Assuming a constant emission factor, i.e., a constant incoming ammonia load, an increased ventilation rate implies a decreasing incoming ammonia concentration (Fig. 5 a) . Nevertheless, the outgoing ammonia concentration increased for higher ventilation rates (Fig. 5 a) , resulting in a decreasing removal efficiency (Fig. 5 d) . Decreasing the incoming ammonia concentration while maintaining a constant ventilation rate did not affect the removal efficiency (Fig. 5 e) since the effluent ammonia concentration decreased according to the lower incoming load (Fig. 5 b) . Increasing the ventilation rate while keeping the incoming ammonia concentration constant (Fig. 5 c) led to the same decrease in removal efficiency as observed for a constant ammonia load, indicating that the decrease of the ammonia removal efficiency at higher ventilation rates was only caused by the decrease in contact time rather than by a decreasing incoming ammonia concentration (Fig. 5 f) . A higher ventilation rate also implied that more water evaporated (results not shown), because of the increased incoming thermal mass and the higher velocity resulting in a higher mass transfer coefficient. Additionally, the simulated gas temperature decreased less with higher flow rates because of shorter contact times and the larger air mass coming into the scrubber. Through this increase in incoming thermal mass, higher liquid temperatures were modeled in the lower part of the scrubber, resulting in an increase of the temperature in the buffer tank.
Air Temperature
The simulated influence of the air temperature on the pollutant removal efficiency was found negligible in this case (only 0.1 % for a 20°C change in air temperature, results not shown). With increasing air temperature, the gas pollutants will be less solu- ble (higher H) but the mass transfer will increase (higher K L ), effects that counteract each other. An air temperature increase from 20 to 25°C results in a 20.02 % higher H and a 20.11 % higher K L , illustrating the negligible overall effect. Additionally, the acidity constant of ammonia increases at increasing temperature, implying a decreased driving force. A negligible effect of the temperature on the ammonia removal efficiency was also reported in tests of an acid spray scrubber [48] and an ammonia regeneration scrubber [49] . Additionally, by considering the heat and water balance in this study, it was possible to simulate the increased rate of water loss in the air scrubber, preceded by a higher condensation (negative evaporation) after startup of the air scrubber (Fig. 6 ).
Relative Humidity
While the effect of the relative humidity on the removal efficiency of pollutants was very small (less than 1 % difference be- through evaporation was found significant. A high relative humidity implied a high water vapor pressure in the incoming air and thus a lower driving force for evaporation. Given that there was less evaporation, also the latent heat transfer decreased, resulting in a smaller temperature difference between the incoming and outgoing air. The equilibrium temperature of both the gas and the liquid phases inside the air scrubber was therefore higher. The water loss was much lower at higher relative humidity (Fig. 7) . A comparable linearly decreasing water loss with increasing relative humidity was found by Shah et al. [49] . After startup, a higher increase in condensation occurred at higher relative humidity because the incoming water vapor pressure was already higher than the saturated vapor pressure, meaning that the temperature first needed to increase before water was evaporated (Fig. 7) .
Influence of the Design
Using a packing material with a higher specific surface area resulted in increasing removal efficiency (Fig. 8 ) as more contact surface area was available for mass and heat transfer and the mass transfer coefficient increased (Fig. 2) . In practice, however, the specific surface area cannot be increased too much to avoid the risk of clogging due to the formation of ammonium salts. Accumulated ammonium salts will also decrease the specific surface area during operation, implying that the removal efficiency will decrease accordingly. Fig. 8 displays the influence of the specific surface area and packing dimensions on the ammonia removal efficiency. Increasing the volume of the packing material resulted in increased removal efficiency. With respect to the effect of the cross-section, only its area influences the removal efficiency while the aspect ratio does not. Increasing the cross-sectional area of the packing resulted in a smaller positive effect than increasing its height, for the same contact area above 594 m 2 (reference case). This is explained by the decreased gas velocity associated with an increased cross-sectional area, reducing the mass transfer coefficient (Eq. (12)). It can further be noted that changing the dimensions of the air scrubber will also affect the pressure drop, which strongly influences the energy cost. Increasing the height of the air scrubber (for a constant packing volume) increases the ammonia removal efficiency, but reduces the cross-sectional area and thus increases the pressure drop; doubling the air velocity through the scrubber quadruples the pressure drop [50] . The optimal packing height will compromise the maximal removal efficiency and the minimal pressure drop.
Influence of Operational Variables
A small increase in the pH near the pK a (pK a = 9.24 [51] ) at which a shift occurs from ammonium to ammonia will cause a significant decrease in the ammonia removal efficiency (Fig. 9 ). The removal efficiency of H 2 S, being an acid (pK a = 7.02 [51] ), is influenced by the pH in the opposite way as for NH 3 (results not shown). Nevertheless, the maximum removal efficiency that could be reached, at pH = 14, was still only 1.4 % compared to 0 % in the reference case. This is related to the high Henry Figure 6 . Simulated influence of the air temperature on the water loss in the air scrubber. . Since only a very small improvement in removal efficiency is observed with increasing liquid flow rates, the flow rate can be kept as low as possible to reduce the pumping cost for recirculation while keeping the packing material completely wet.
Conclusions
A mechanistic model for a countercurrent chemical air scrubber was set up based on the concentrations of incoming pollutants, the air temperature, and the relative humidity. Model evaluation through simulation showed the following: -The model is able to predict the removal efficiency, the gas and liquid temperature profiles, the relative humidity profile, and the evaporation rate at the same time. It thus provides a useful tool for further process optimization in terms of design and control. -The choice of the correlations for both the gas and liquid mass transfer coefficients significantly affects the simulation results; their selection requires specific attention. -The model was validated for typical conditions prevailing in pig housing facilities in Flanders. The model was able to describe the experimental results with an average difference for the outgoing ammonia concentration, the air temperature, and the relative humidity of 14, 5, and 5 %, respectively. -The ammonia removal efficiency increases with decreasing pH of the washing liquid as well as with increasing packing volume or specific surface area. A higher increase is achieved by increasing the packing height rather than its length or width, for the same contact surface area. -The water consumption increases with increasing temperature and decreasing relative humidity of the incoming gas stream, while they hardly affect the removal efficiency. -The ventilation rate has a significant influence on both the removal efficiency and the water consumption. Higher ventilation rates lead to decreasing removal efficiency because of a decreased contact time rather than because of dilution of the incoming air. Figure 9 . Simulated influence of the pH on the ammonia removal efficiency. 
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